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AN INVESTIGATION OF BACKFLOW PHENOMENON IN CENTRIFUGAL COMPRESSORS

By WiLriau A. BENSER and JasoN J. MosEs

SUMMARY

An incestigation hag been conducted to determine the nature
and the extent of the reversal of flow, which occurs at the inlet of
eentrifugal compressors over a considerable portion of the operat-
ing range. Qualitative studies of this flow reversal were made
by lampblack patterns taken on a mixed-flow-type impeller and
by tuft studies made on a conventional centrifugal compressor.
Quantitative studies were made on a compressor specially de-
signed to enable surreys of angularity of flow, static and total
pressures, and temperatures to be taken very close to the impeller
front housing.

The results of this inrestigation showed that the amount of
reversed flow definitely increased as the load coefficient of the
compressor was decreased and that, in extreme cases, the reversed
JSlow exrtended sereral diameters into the inlet pipe. It was found
that the principal factor affecting this backflow was the value of
the load coefficient at which the compressor was operating.
Evridence wasg obtained which showed that the backflow was not
eonfined tu the clearance space between the impeller-blade tips
and the impeller front housing but actually exfended info the
impeller passage. It was also found that the axtal relocity near
the center of the impeller-inlet pipe was practically independent
of the ralue of load coefficient. Several effects of baekflow on the
state of the air at the inlet were observed: a definife increase in
inlet-air temperature; a radial femperature gradient at the im-
peller inlet; a high degree of turbulence; and a definite prerota-
tion, which was particularly large in the outer portion of the
impeller-inlet annulus.

INTRODUCTION

It has been generally recognized that, when compressors
are operating at low values of load coefficient, a recirculation
of air oceurs in the region of the compressor inlet (reference 1).
Because at all times, an adverse pressure gradient will exist
from the impeller inlet to the blade tips, the occurrence of a
reversed flow must be the result of this pressure gradient
exceeding that which can be overcome by the momentum
of the forward flow. A reversed flow or recirculation has
frequently been evidenced by a definite temperature rise
between the orifice tank and the compressor-inlet measuring
stations wl.en standard compressor investigations are made
at low volume flows. Such abnormal compressor character-
istics as excessively high values of slip factor at low values

of load coefficient and surge-free operation at extremely low
volume flows have been attributed to recirculation. These
assumptions have been based on the fact that the occurrence
of recirculation would increase the effective value of load
coefficient at which the impeller was operating, alter the
velocity distribution at the impeller entrance, and increase
the inlet temperature. The term “backflow” is used herein
to denote recirculation and is defined as any reverse flow
along the impeller front housing or in the inlet duect.

In order to determine the nature and magnitude of the
effects of backflow on the flow at the impeller inlet, prelimi-
nary investigations were made during 1942 at the NACA
Langley Field laboratory on two compressors. The first in-
vestigation was on 2 mixed-flow-type impeller in which
lampblack patterns were used to study the development and
extent of backflow. Although these studies definitely showed
the existence of a large amount of backflow at low values of
load coefficient, they did not show the complete effect of this
backflow on the flow distribution at the impeller inlet. Vis-
ual studies or surveys were necessary to obtain additional
information of the effects of backflow on the flow at the inlet.

The construction of the mixed-flow unit, however, is such
that important alterations would have been required to
conduct studies of this type. A conventional centrifugal
compressor was therefore used to determine the nature of
the backflow in the inlet pipe. For these studies, a trans-
parent plastic inlet duect was mounted on the compressor
in place of the inlet elbow and tufts were mounted in this
plastic duct to study the flow characteristics in the region
of the impeller inlet. Severe backflow was shown to exist
at very low values of load coefficient.

These preliminary investigations were purely qualitative
and showed only the general trends of backflow.
to obtain quantitative information on the fow at the inlet
to the impeller, it was necessary to take swrveys just in
front of the impeller face. A compressor was specially de-
signed for surveys of this type and consisted of a modified
impeller of the type used in the tuft studies, a vaneless dif-
fuser, and a scroll collector. The investigation, which was
made at the NACA (leveland laboratory during 1943 and
1944, on this experimental compressor consisted of surveys
of temperature, velocity, and angularity of flow 0.19 inch
from the impeller face for various operating conditions.
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APPARATUS

In the preliminary investigations made at the Langley
laboratory, lampblack studies were made on an NACA
variable-component unit (reference 2) using a mixed-flow-
type impeller in combination with a vaneless diffuser of
20-inch outside diameter. A tube of }%-inch outside diameter
located 7 diameters upstream of the impeller inlet was used
for the injection of lampblack; the tube extended across the
inlet pipe of the unit. Three small holes were drilled in the
downstream side of this tube to facilitate the distribution of

Survey tube

the lampblack solution, which consisted of 12 grams of lamp-
black in 4 ounces of SAE No. 10 oil. For this investigation,
all instruments were removed from the inlet and outlet
pipes with the exception of one outlet {otal-pressure tube,
which was used in adjusting the outlet pressure.

The tuft studies were made on & conventional centrifugal-
compressor unift, which was driven in conjunction with a
10:1 speed increaser by an aireraft engine. There were 20.
diameters of straight pipe between an 8-inch graduated gate
valve used as the inlet throitle and the impeller inlet. The

Flauke |, —Esperimental compressor unit.
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3 diameters just ahead of the impeller were made of trans-
parent plastic to enable visual studies of the flow near the
impeller inlet. Woolen tufts were mounted on the walls of
this plastic duct as well as on strings across the diameter.
The compressor unit exhausted through an outlet pipe to the
atmosphere. No instruments were installed on this rig.

The surveys at the impeller inlet were taken on the experi-
mental compressor (fig. 1) specially designed for work of this
type. The impeller was the same type as used in the tuft
studies and had an inlet diameter of 6.250 inches, an outlet
diameter of 12.226 inches, and an outlet-blade height of
0437 inck. A vaneless diffuser and a seroll collector, which
were so constructed that surveys could be taken very close

A, outlet throttle
B, outlet measuring station
C, inlet measuring station

flexible Joint
inlet throttle
rifice

G,
H,
I. o tank
D, com; t . J. orfflce static tap
K. o
L.

pressor
E. 15:1 speed increaser . Fu.hl!éte
F, elreraft engine orifice-inlet measuring station

FiarRE 2—Schematic dlagram of experimental compressor nnit.

to the impeller inlet, were used. This compressor unit was
driven by an aircraft engine in conjunction with a 15:1 speed
increaser. (fig. 2). This rig was set up and instruments were
installed according to the standard specifications of reference
3. A stroboscopic light and a calibrated speed strip were
used for speed determination, and 2 calibrated orifice plate
was used for the air-flow determination.

Surveys of angularity of flow, static pressure, and total
pressure at the impeller inlet were nlade with a ¥e-inch
outside-diameter Fechheimer tube (fig. 3). Pressure readings
were obtained from two holes that were located 781° apart
and ¥ inch from the end of the tube. A turntable graduated
in degrees mounted at the top of the Fechheimer tube was
used to measure the angle at which the tube was set. Tem-
perature measurements were obtained from iron-constantan
thermocouples by means of a self-balancing potentiometer.
Barometric pressure corrected to 32° F was read from a
microbarograph.

METHODS AND CALCULATIONS

Lampblack studies.—The load coefficient @/n (volume
flow, cu ft/revolution) of the compressor for the lampblack
pattern was adjusted to the desired value by using the micro-
manometer reading across the orifice plate and the outlet
total-pressure measurement as the indexes. After the unit
was run at this condition until complete equilibrium had been
obtained, the lampblack solution was injected into the inlet
pipe as rapidly as possible. The compressor unit was then
run for an additional 20 minutes to bake the pattern. Before
the next run, the pertinent parts of the compressor unit were
thoroughly cleaned so that each succeeding pattern would
represent only the conditions for that run. AN patterns

/GI-adua)‘ed scole

Turntable m ount
_qradUafed_\ i
e aoggieim e
Pressure - H

tfoke-off ; m i

s I Y 10 ¥
| % b
Pointer—1 1 ; 5 H s%op

8”1!;

FI6CURE 3.—Fechhelmer survey-tube assembly.

were made at an impeller-tip speed of 1200 feet per second
and at values of @/n varying from the maximum obtainable
to that just above violent surge. The inlet-air temperature
for all runs was the ambient room temperature. The outlet
total pressure was maintained at 10 inches of mercury above
atmospheric, except at very high values of @/n, in which case
the limited capacity of the outlet system produced such a
throttling effect that the minimum outlet total pressure
obtainable was well over 10 inches of mercury above atmos-
pheric.

Tuft studies.—For the tuft studies, the inlet throttle was
first set in the wide-open position and the compressor was run
until equilibrium had been attained. The tufts were then
photographed using a photoflood light source and an exposure
of approximately 0.1 second, which was greater than the
period of tuft oseillation and gave an indication of the degree
of turbulence and also showed the direction of the mean flow.
Because no means of air-flow measurement was provided, it
was impossible to determine the exact value of @/n, but an
approximation could be made by comparing the position of
the inlet throttle with that of previous ealibration runs. Two
intermediate runs were made at values of ¢/n that were ap-
proximately equally spaced between the maximum value of
¢/n and the value of @/n at surge. The final run was made
at a value of @/n that was just above the surge point. All
Tuns were made at an impeller-tip speed of 900 feet per
second. :

Backflow surveys.—The backflow surveys on the experi-
mental compressor were made at various values of Q/n and
at an outlet pressure of 10 inches of mercury above atmos-
pheric and an impeller-tip speed of 1200 feet per second. In



28

addition, surveys were made at impeller-tip speeds of 960
and 108C feet per second.

For each compressor operating condition, surveys of angu-
larity of flow, static and total pressure, and temperature were
taken on a radial traverse that was located 0.19 inch up-
stream of the impeller face on the top of the inlet pipe
(fig. 4). :
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FicuRrE 4,—Locatlon of survey station with respect to Lmpeller.

The zero angle of the Fechheimer tube was determined by

so inserting the tube in the inlet pipe that a line bisecting the .

angle between the two holes was parallel with the center line
of the inlet pipe. In the pressure and angle surveys with the
Fechheimer tube, the tube was adjusted to the proper radius
for the point to be taken and then rotated until the pressures
from the two pressure taps were equal. Inasmuch as the line
bisecting the two holes was then pointing directly into the air
stream, the angle of flow could be measured. The static
pressure of the air stream at that point was also obtained
when the pressures from the two pressure taps were equal.
In order to obtain total-pressure measurements, the tube was
rotated until a maximum absolute pressure was obtained on
one of the taps. This maximum pressure was the total pres-
sure at that point. The temperature surveys were made by

ingerting an iron-constantan thermocouple in the same in-

strument location as used for the angle surveys. The
thermocouple was adjusted to the desired radius and the
temperature read directly from a self-balancing potenti-
ometer,

¢
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Before each survey the inlet and outlet throttles were ad-
justed to give the desired values of @/n and outlet total pres-
sure. The @/n value was set using the micromanometer read-
ing across the orifice plate as the index. After the tempera-
tures and operating conditions had become stable, the flow
angle, the static pressure, the total pressure, and the tempera-
ture surveys were taken at cither }- or M-inch intervals
beginning near the spinner nut and ending close Lo the wall
of the inlet pipe. During the surveys, the speed was kept
constant and the throttles were left in position. Standard
compressor data were recorded at the beginning of each sur-
vey and again at the completion of the survey as a check on
the stability of the operating conditions.

The air density was determined from the thermodynamic
relation

— L
P~ gRT

where_

p density, slugs per cubie foot

p static pressure, pounds per square foof .

g acceleration of gravity, 32.174 feet per second per second
R gas constant for air, 53.5 foot-pounds per pound per °F
T observed temperature, °R

The stugnat-ion—'téﬁxporaturo rise due to compressibility
was neglected because the effeet of this correction on fhe
density would be small, i

Velocity was caleulated from the dynamie pressure ¢ by the

equation
2
V—./
V=%
where

V velocity, fect per second
¢ dynamic pressure, pounds per square foot

Axial- and tangential-velocity components were caleulated
by multiplying the cosine and the sine of the angle of flow,
respectively, by the total velocity.

PRECISION

The precision of the angle determinations made with u
Fechheimer tube is dependent on the turbulence of the flow,
the sensitivity of the pressure-measuring devices, and the
zero setting of the tube. The flow encountered in these
tests was very turbulent, especially atlow values of @/n, and n
possibility of small errors existed in balancing the two pres-
sures while making an angle measurement. Considerntion
of thecharacteristics of & Fechheimer tube and an examination
of the reproducibility of the data indicated that the error in
angle measurement indueed by these factors is of the order
of +%° Because of the method used in obtaining the zero
setting of the tube, however, the angle reading might have
been in error £24%°;inasmuch as the relative values of angle
obtained werce considered to be of greater importance than
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the absolute values, this error in zero setting was unimportant.

The precision of the measurement of static pressure by
means of the Fechheimer tube is dependent on the pressure
distribution around a eylinder located normal to the direction
of air flow. There is, consequently, a possibility of small
errors in measurement because the angle at which true free-
stream static pressure exists on the surface of the eylinder
varies slightly with Reynolds number. This variation is
smeall, however, and the maximum error for the pressure-tap
spacing used has been evaluated (reference 4) as 10 percent
of the dynamic pressure. Because the dynamic pressure was
taken as the difference between the static and the total
pressures, this error in static pressure would result in a
maximum error of 5 percent in the velocity determination.

Temperature measurements with the system used are
accurate to £1° F.

ANALYSIS

Because all flow must be instigated by a pressure gradient,
the ceccurrence of backflow must be the result of a pressure
gradient exceeding that which can be overcome by the mo-
mentum of the forward flow. At all times, there will be an
adverse pressure gradient from the impeller inlet to the blade
tips. This gradient will act on the relatively slow moving air
in the clearance space and tend to cause a backflow within the
clearance space. Although this tendency may have an
appreciable effect on the backflow, it does not account for the
reverse flow of air from the impeller passages.

In order to determine the pressure gradient along the flow
path near the impeller front housing, the summation of the
components of three pressire gradients must be considered.
These pressure gradients are the result of centrifugel force,
curvature of the impeller front housing, and changes in
flow area of the impeller passages. Although, in the case of
an ideal fluid, the centrifugsal force would have no effect on the
velocities, the compressible and viscous properties of air
render it necessary to consider the effects of this force.

The principal components of the pressure gradients result-
ing from centrifugal force can be divided into two parts: (1)
those resulting from an increase in the radius of rotation of
the air, which are independent of any changes in the relative
velocity of the flow for equilibrium and, except for the in-
crease in the density of the air with the pressure, may be
disregarded in this discussion; and (2} those resulting from an
increase in the angular velocity of the air, which are dependent
upon a change in relative velocity of the air with respect
to the impeller. The pressure gradient must be held in
equilibriumn by the reduction of the relative tangential
component of the velocity of the air. This component of
velocity will be just sufficient to maintain equilibrium, and
any losses that oceur must be at the expense of the momentum
of the axial component of velocity. In the conventional-type
impeller, this pressure gradient resulting from rotational
acceleration will be confined to a region near the impeller
inlet and will increase in magnitude with decreasing values of
n.

The second pressure gradient to be considered is caused by
the curvature of the flow path. In the region where the

858107T—50—3

convex curvature is increasing, this pressure gradient will be
adverse.

The third consideration is the rate of change of the effective
flow area. If this flow area does not decrease rapidly enough
as the density increases, the product of the density and the
flow area pA will increase and the velocity must decrease to
maintain continuity. This reduction of velocity will create
an adverse pressure gradient along the flow path.

Because these three factors are complexly interrelated, no
mathematical solutions can be found for determining the
magnitude of the resultant pressure near the impeller front
housing. The problem is further complicated by the difficulty
encountered in determining the true flow path and flow area
throughout the impeller. From a study of the extreme cases
of very high and very low values of @/n, however, the trend
of the expected backflow can be predicted.

- RESULTS
PRELIMINARY STUDIES

The results of the lampblack and tuft studies are purely
qualitative in nature and show only the general trends of
backflow. No attempt is made to determine the origin of
backflow or to correlgte these results with those obtained on
the experlmental COmMpressor rig.

Lampblack patterns.—The adiabatic-efficiency curve at a
tip speed of 1200 feet per second for the mixed-flow-type
compressor unit on which the lampblack patterns were made
is shown in figure 5. The values of §/n at which these
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FIGURE 5.—Adiabatic eflclency of mkedsﬂ‘.nw-type eompressor unit for actual impeller-tip
speed of 1200 feet per second and outlet pressure of 10 Inches of mercury above atmespherie.
(Arrows indicate points where lampblack patterns were made.}

patterns were made are indicated on the curve. Run 1 was
made at the maximum value of @/n obtainable. Runs 2 and
3 were made at Q/n values of 0.225 and 0.220, respectively,
because this particular compressor had a small range of light
surge between these values.

A photograph (fig. 6) of the lampblack pattern meade on the -
impeller front housing at a @/n value of 0.305 (run 1) shows
that there may be a stagnation of the boundary layer or a
limited backflow near the impeller-blade tips. Because the
air must at all times rotate in the direction of impeller rota-
tion, backflow is evidenced by & reversal of the component of
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flow that is normal to the tangential component and is
determined from the photographs by a study of the direction
of the flow lines. -

The pattern made in run 2 at a ¢/n value of 0.225 (fig. 7)
indicates that at this operating condition a backflow existed
from the impeller-blade tips to the impeller inlet but did not
extend back into the inlet pipe. Different degrees of back-
flow occur at four distinct regions. The results of run 3
(fig. 8) also indicate backflow from the impeller-blade tips to
the impeller inlet, but the flow lines are continuous. This
change in backflow characteristics is probably caused by the
change in flow through the compressor. Although the
change in @/n between these two runs was small, the occur-
rence of the light surge indicated that a considerable change in
flow characteristics through the com pressor must have taken
place.

Direction o1 ipalae.
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The patterns obtained on the impeller front housing and
the impeller, in run 4, which was made at & Q/n value of
0.132, are shown in figures 9 and 10, respectively. Al this
operating condition, the backflow starts in the region of the
impeller-blade tips and extends approximately 6 inches back
into the inlet pipe. The pattern obtained on the impeller
shows a very light deposit of lampback near the blade roots
(ig. 10). Approximately two-thirds of the distanhece out
from the blade roots there is a heavy lampblack deposit,
which is terminated very abruptly. On the outer one-third
of the blades, there is a deposit slightly heavier than that
neer the blade roots. The sharp demarcation between these
two regions denotes a cleavage plane in the flow indicating
that air may actually be flowing backwards in the oufer
portion of the impeller passage. Considerable difficulty was
experienced in obtaining the necessary lighting to bring oul,

Fioure 6.—Lampblack pattern on mixed-fow-type impeller front housing for Q/n value of 0.305. Run i,
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Fi6URE 7.—Lurapblack pattern on mixed-flow-type impeller front housing for Q/s value of 0.225. Run 2.
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FiGURE §.—Lampblack patiern on mived-flow-type Impeller front honsing for Q/z value of 0.220. I'hm 3.
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the desired points without having high lights appear on the | reflection from this portion of the impeller. The right side
pbotographs. Consequently, the outer ome-third of the | of the photograph gives a clearer picture of the true relation
blades of the impeller on the left side of figure 10 appears to | of the lampblack deposits.

be nearly free of lampblack deposits because of direct light :
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FI6URE 9.—Lampblack pattern on mixed-flow-type impeller front housing for /a value ol 0.132, Run .

Fraure 10,—Lampblack pattern on mixed-flow-type impeller for Q/n value of 0.132. Rund.
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Fie:rRE 11,—Lamphlack pattern on mixed-fow-type impeller front housing for Q/a valle of 0.200. Run 5.
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FiGURE 12.—Lamphlack pattern on mixed-flow-1ype compressor inlet-pige wall for ¢fn value of 0.100. Run 5.
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Photographs of the pattern obtained on the inipeller front
housing and on the inlet-pipe wall at a @/n value of 0.100
(run 5) are shown in figures 11 and 12, respectively. At this
very low value of @/n, the backflow appeared to begin at
the impeller-blade tip and extended several diameters up
the inlet pipe. The pattern obtained on the impeller in
this run was very indistinet due to the high degree of tur-
bulence that existed at the impeller inlet and is not repro-
duced herein.

This series of lampblack patterns.indicates that even at

maximum @/n values a small amount of backflow appears

to exist near the blade tips on the impeller front housing.
As the value of @/n is decreased, the extent of this backflow
increases until near the final surge point the backflow pene-
trates several diameters into the inlet pipe. There 18 also
indication that this backflow extends into the impeller pass-
age proper and is not confined to the clearance space between
the impeller and the impeller front housing, These lamp-
black patterns gave an indication of the effect of backflow
only on the boundary layer and not on the main body of the
flow.

Tuft studies.—In the tuft studies made at the inlet of a
conventional centrifugal compressor, the tufts were placed
along the inside wall of the duct to obtain information on the
penetration and the rotation of the backflow for various
values of Q/n. Photographs of the attitude of the tufts
taken while the compressor was operated at high, medium,
low, and very low values of @/n at a tip speed of 900 feet

Oirection :f impe f’/e;‘-Jr otation

NI s B e
Oirection’ of J'mpe/fér‘ rotation

(¢) Low Q/n.

per second are shown in figure 13. At high values of ¢/n
(fig. 13 (a)), there is no cvidenee of backflow in the inlet
pipe. For a medium value of @/n, although the turbulence
of the boundary layer has increased slightly, theroe is still
no backflow (fig. 13 (b)). For a low value of @/n, a definite
backflow extends approximately [ diameter up the inlet pipe
(fig. 13 (c¢)). This backflow is indicated by the change in
direction of the tufts near the impeller inlet. At very low
values of @/n (fig. 13 (d)), the backflow is much more severe
and extends at least 2 diameters up the inlet pipe.

An indication of the effect on the main body of the flow
was obtained by mounting tufis on two strings passed through
the center of the pipe. Photographs were made of the atti-
tude of these tufts while the compressor was operated at
approximately the same values of @/n as before. The results
(fig. 14) show that, as the value of @/n is decreased, the
turbulence existing near the center of the duet continuously
increases. At very low values of @/n (fig. 14 (d)), there is a
slight indication of prerotation but the random turbulence
was so great that no definite trend could be noted.

BACKFLOW SURVEYS

The three values of @/n at which surveys were taken on the
experimental compressor are indicated on the adiabatice-
efficiency 5,4 curve (fig. 15). DBecause it had been previously
determined that no backflow existed at the impeller inlet at
high values of @/n, the first survey was taken near the point
of maximum efficiency (@/n=0.0926). The sccond survey

Direction ]tyer ofation

(d) Very low Q/n.

FIGURE 13.—Tuft studies of boundary-layer flow In inlet pipe of conventlonal centrifugal compressor at a tip speed of 900 feet per second.
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FiGTRE 14.—Tuft studies of main flow In Inlet pipe of conventional centrifugal compressor.

was made at the point (@/n=0.0824) where definite evidence
of backflow was first noted, and the third survey was taken
just above the surge point (@/n=0.0517).

The angle of flow, measured by the Fechheimer tube, was
the angle between the axial direction and the direction of flow
and was measured in a plane normal to the survey. The
flow angles ¢ obtained from these surveys are plotted against
{/L, where I/L is the ratio of the radial distance of a particular
point from the center line of the inlet pipe to the total radius
of the inlet pipe at the survey station (fig. 16). For a @Q/n
velue of 0.0926, the angle g is slightly negative. This negative
angle, although within the limits of accuracy of the angle
measurements, may indicate a rotation of the incoming air in
a direction opposite to that of the impeller and may be caused
by an induced rotation from circulation around the impeller
blades. At the @/n value of 0.0824, the angle obtained is
negative near the center of the inlef, zero at a radius ratio of
0.62, and then increases rapidly to a positive value of approxi-
mately 97° at the pipe wall. For an angle of 90°, the axial
component of velocity is zero, whereas for values of 8 greater
then 90° the exial component of velocity is negative and
represents backflow. At a @/n value of 0.0517, the angle of
flow at the inside of the passage is positive and increases to &

value of 111° near the pipe wall. Backflow is shown between
the radius ratios of 0.84 and 1.00. If the backflow in the
compressor wers confined to the clearance space between the
impeller and the front housing, thisflow would have to expand
through an included angle of 68° to obtain these results at
the survey station, which was only 0.19 inch from the impeller
face. Inasmuch as the angle of expansion of free jets is in
the order of 14°, the backflow must actually extend into the
impeller passage. The fact that backflow is not Iimited to
the clearance space is in agreement with the results of run 4
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FIGTRE 16.—Adiabatic efficlency of experimental compressor for actual impeller-tip speed o
1200 feet per second and outlet pressure of 10 Inches of mercary above atmospheric.  Arrows
indicats points where surveys were made.}
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of the lampblack tests. (See fig. 10.) The positive angle
near the spinner nut is due ta a prerotation caused by the
mixing of the backflow, which has a high degree of rotation,
with the incoming air. From these surveys it can be seen
that at high values of @/n the flow is nearly axial. As the
value of @/n is decreased, however, the axial component of
velocity becomes very small near the wall and & further
decrease in @/n causes a backflow and a relatively high degree
of prerotation. The angle of flow represents only the ratio
of tangential to axial velocity, and the magnitude of the
resultant velocity must also be considered in determining
the extent of prerotation and backflow.

A comparison of the axial components of velocity for these
surveys is given in figure 17. For a @/n value of 0.0926, the
velocity profile is comparatively flat. Decreasing the value
of Q/n to 0.0824 causes very little change in the magnitude of
the velocity near the center of the inlet. Near the pipe wall,
however, the velocity is very much lower and an actual reverse
flow of air is indicated by the negative values beyond the
radius ratio of 0.97. At a @/n value of 0.0517, the axial ve-
locity near the center of the inlet pipe is the same as in the two
previous surveys, but the velocity is much lower in the outer
portion of the inlet pipe and backflow is evidenced between
the radius ratios of 0.84 and 1.00. . .

A comparison of the tangential components of velocity for
these surveys is shown in figure 18. The velocities are
plotted as the ratio of the tangential velocity of the air
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Fiaure 16.—Effect of varlous values of Q/n on angularity of flow at inlet of experimental com-
pressor for actual impeller-tip speed of 1200 feet per second end outlet pressare of 10 Inches
mercury above atmospherie.
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from a wheel-type rotation. Figure 18 shows that for high
velues of @/n the prerotation is negligible. As the value of
@/n is decreased, however, the prerotation near the pipe
wall approaches the rotational velocity of the impeller,
becoming approximately 0.95 of the impeller velocity for a
@/n value of 0.0517. Negative values at a @/n value of 0.0926
indicate that the rotation of the air is opposite to the rotation
of the impeller.

For any impeller-tip speed, the angle of attack of the blades
is a function of the axial component of velocity and the
angularity of the flow. Near the center of the inlet pipe, the
axial component of velocity and the angularity of the flow
are practically independent of the value of @/n at which the
impeller is operating; therefore, the angle of attack of this
portion of the blades is relatively constant regardless of the
value of @/n. The angle of attack of the blades in the outer
portion of the inlet pipe will vary considerably with @/n
because the axial component of velocity and the angularity
of flow change radically with changing values of @/n. For
high degrees of prerotation near the outer portion of the
blades, however, the angle of attack may decrease.

The results of the temperature surveys, which were taken
under the same conditions as the angle and velocity surveys,
are presented in figure 19. These curves show the tempera-
ture rise between the orifice tank and the survey station
plotted against radius ratio at the survey station. Even at
the relatively high Q/n value of 0.0926 where no backflow
occurred, a definite temperature gradient was observed at the
impeller inlet. This increase in temperature near the wall is:
probably a result of heat transfer from the compressor
housing through the inlet-pipe wall. At the lower values of
@/n, the increase in temperature gradient is due to the pres-
ence of backflow and its mixing with the incoming air. Some
heat transfer probably slways exists at the pipe wall; there-
fore, the temperature near the wall cannot be used as a
measure of the intensity of the backflow. Near the spinner
nut, negative values of temperature rise are obtained for the
two high values of @/n. Although these negative values are
less than the limits of accuracy of the temperature-measuring
device, the fact that they oceur at both values of @/nindicates
that there is a temperature drop resulting from a velocity
increase between the orifice tank and the survey station. At
the lowest value of @/n, the positive values of the temperature
rise near the inside of the pipe can be due only to backfiow.
This conclusion is in agreement with the data for the tangen-
tial component of the velocity presented in figure 18 and
shows that as ¢/n decreases the increase in the amount of
backflow results in & mixing action with a consequent increase
in temperature and prerotation of the incoming air.

EFFECT OF MACH NUMBER AND REYNOLDS NUMBER ON BACEFLOW

In order to determine the effect of impeller-tip speed on the
backflow characteristies, surveys similar to those previously
presented were made for impeller-tip speeds of 960 and 1080
feet per second. Cross plots of the data thus obtained are
presented in figures 20 and 21. The variation of the angle of
flow with tip speed for several constant values of @/n and for
values of radius ratio of 0.60, 0.75, and 0.90 is shown in
figure 20. Corresponding curves for the effect of tip speed
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FicURE 19.—Eflect of various valnes of Q/n an temperature rise at Inlet of experimental com-
pressor for actual impeller-tip speed of 1200 feet per second and outlet pressure of 10 Inches
mercury above atmospherie,

on temperature rise are shown in figure 21. Inasmuch as the
variation shown does not follow a definite trend with varying
tip speed, no appreciable effect of Mach number and Reyn-
olds number on the characteristics of backflow is indicated
in the range of tip speeds investigated.

DISCUSSION OF RESULTS

For conventional-type impellers operating at high values
of Q/n, the rotational acceleration will cause a continually
increasing pressure gradient near the inlet. On the other

- hand, the inereasing curvature of the front housing will pro-

duce a pressure gradient that will oppose the gradient caused
by rotational acceleration. A consideration of the flow ares
indicates that it will not contribute to the production of &
favorable pressure gradient. At high values of @/n, the
momentum of the tangential component of relative velocity
probably will be sufficient to overcome any resulting adverse
pressure gradient and, if it is not, the added momentum of
the axial component of velocity may contribute to the in-
hibition of backflow in the region of the impeller inlet.

A consideration of the flow near the impeller tip at high
values of @/n shows that an adverse pressure gradient may



38

REPORT NO. 806—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

100
8a-—
b T —=
/'/
o 60 ~
‘g /r Load coefficient,
& [/
¢ 0060
Gy, | I 070
g 0 R .080
: —_— 080
S 100 -
S - 10 /"'/
20 S
1
-~ /
al—
1 -
—t
{c)
20 7000 7100 7200

(a) Radius ratio, 0.60.
(b) Radius ratlo, 0.75.
(¢) Radius ratio, 0.90.

F1GURE 20.—Effect of actual impeller-tip spead on angularity of flow for varlous values of Q/n.

20 —
0 . ——— -
(a) kel
o0
@ 1000 1100 1200
° Tip speed, fijsec
<
¢
>
§
3 40 ——
Y
20 — RPN R ORTS demtedtut ihnbiutet Mndinie UV T P
NI [ e == o e S e i i
(b) =
~-1a
1000 1100 1200
Tip speed, fifseo
20
~
10 — e~ _
L
B T
0 -
(a)
& s 1000 1100 1200
g Tip speed, fifseo
T
1
,:L_’ 30
§. \\\ ——
||
~d [Riaie RS N Foag - /_,/
a \:;~\-'\-_4 1
— ] i
o
)
-5
1000 1100 1200

Tip speed, fijsec

Tip speed, ff/sec

60
Lood coerficient
gm -
—_— ages
LN I 070
%0 R — 080T .
\ —_—— 098
kY —_— 100 |- —
N 110 //
. . I~ » A
40 <] — ’a
[ \ e EEVOR N B -
€ a0l K A
: . 7
‘g. N \‘\ e ]
E \\ h /‘/
g 20 < S e s i e S B
ARSI I -
\\~\:\~ \_~\1 -—/
\'1\ e e e e [
1a ﬂ —
a
(e}
-5
1600 1200

(a) Radius ratfo, 0.60.
(b) Radlus ratio, 0.75.
(¢} Radlus ratio, 0.90.

F16uRE 21.—Eflect of actusl impeller-tip speod on temperature riss forvarfous values of Q/n,

100
Tip speed, ff{sec



INVESTIGATION OF BACKFLOW PHENOMENON IN CENTRIFUGAL COMPRESSORS 39

exist due to decreasing curvature of the front housing.
Furthermore, the increasing density in this region together
with a practically constant flow area causes a considerable
adverse pressure gradient in addition to that created by the
centrifugal force. This additional gradient must be balanced
by the momentum of the air and, if this momentum is insuf-
ficient, a backflow will occur.

At low values of @fn, if the incoming flow is purely axial,
the rate of the rotational acceleration near the impeller inlet
will tend to be much greater than for high values of @/n be-
cause of the higher angle of attack of the blades with respect
to the air and the resulting higher blade loading at the lead-
ing edges of the blades. As a result, a much more severe
adverse pressure gradient will be developed because the rate
of rotational acceleration in a given axial distance will be
increased. In addition, the opposing effect due to increasing
curvature will be less and the effect of area will still be adverse.
Furthermore, the momentum resulting from the axial com-
ponent of velocity will be much smaller for low than for high
values of @/n. These factors indicate that the tendency
toward backflow in the region of the impeller inlet will be
much greater for low than for high values of @/n, this trend
is in agreement with the results obtained. At low values of
@/n, the effects of the decreasing curvature of the front hous-
ing and the increasing density in the region of the blade tips
will be epproximately the same as for high values of @/n.
The magnitude of the backflow, however, is greater due to
the reduced momentum of the incoming air. This coneclusjon
is in agreement with the results of this investigation inas-
much as backflow in the region of the blade tips was indicated
at all values of @/n.

At & zero value of @/n, the centrifugal pressure gradient
would cause the pressure near the hub of the impeller inlet to
be less than that in the inlet pipe, whereas that near the tip of
the blades would be greater than that in the inlet pipe. This
pressure distribution causes a circulating flow, which enters
the impeller near the hub and is discharged into the inlet
pipe from the outer portions of the impeller annulus. The
axial velocity distribution observed at low values of Q/n may
be regarded as an extension of this trend.

SUMMARY OF RESULTS

From an investigation of compressors with axiel inlets, the
following results were obtained. Caution must be exercised,

however, in applying the results of this investigation to
actual compressor installations in which the inlets are of a
different nature.

1. At high values of load coefficient, any backflow that
existed was confined to a region near the impeller-blade tips.
As the value of load coefficient was decreased, however, this
region of backflow extended backward slong the impeller
front housing until, at very low values of load coefficient, the
backflow penetrated several diameters into the inlet pipe.

2. The value of load coefficient was the determining factor
of the backflow characteristies; the effect of Reynolds number
and Mach number was negligible.

3. At very low values of load coefficient, the backflow
actually extended into the impeller passage and was not
confined to the clearance space between the impeller blades
and the impeller front housing.

4. The axial component of velocity near the center of the
impeller-inlet pipe did not appreciably change with load
coefficient.

5. The miving of the heated backflow air caused a definite
increase in the inlet-air temperature and a very large radial
temperature gradient at the impeller-inlet annulus.

6. The backflow resulted in a high degree of turbulence and

" a definite prerotation in the inlet pipe 2t the impeller entrance.

Although the degree of prerotation near the center of the
pipe was not appreciable, that near the inlet-pipe wall had
approximately the same magnitude as the impeller rotation.

Arrcrarr ExGINE ResearcE LABORATORY,
Nartionan Apvisory COMMITTEE FOR AERONAUTICS,
CLevELAND, OHIO, June 1, 1945.
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